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1* GENERAL 


1-1 This section provides REA borrowers/ consulting engineers, con- 
tractors and other interested parties with technical information 
for use in the design and construction of REA borrowers telephone systems. 
It is written to provide an understanding of specialized noise neasurements 
in the teleccmmunications network. Specialized noise measurements are 
defined as those which are observed as a continuation of an initial noise 
investigation undertaken by the telephone corpany craftspeople which has 
not provided a solution to the problem. As in TE&CM Section 451, the 
discussion will be primarily directed to interference frcm harmonics of 
60 Hertz power lines. 


1«2 Section 451 provided information on technicp.ies for neasurertvant, 
analysis, isolation and solution of noise problems in the tele- 
phone plant by telephone ccyipany craftspieople. If, after ccnpleting those 
techniques, it is determined that the telephone plant has high balance, 
shields are continuous, noise is not originating in the telephone system, 
etc. , it can be assumed the noise probably is the result of sorre abnormal 
condition in the pxawer system. 

1.3 The investigatiai at this stage has turned fron stacking potential 
problem areas in the telephone system toward a search for problem 
^eas in the power system. While the power ocrrpany could be contacted at 
this point there are sane additional measurements which can be conpleted by 
telephone company ;^rsonnel. In many situations the power system problem 
areas can be identified and sonetimes located through completion of these 
measurements. This information can help make the initial contact with the 
power ccnpany more productive. 


1.4 Performance of a pxawer system may be analyzed by studying the 
voltage or current waveform. Since the majority of telephone 
service today is provided via shielded cable only the pxnwer system current 
vraveform will be discussed. This is due to the induced noise in cable 
being the result of magnetic coupling as discussed in TE&CM Section 451. 

2. P014ER LINE UNBALANCE CURRENT 


2.1 As discussed in Paragraph 7 of TE&CM Section 451, earth return 
currents of power system harmonics are the source of a high 
percentage of noise problems in telephone systems. Odd-triple (ZerS 
Sec^ence, 3rd, 9th, 15th, etc.) harmonics are of major concern since odd- 

""I? conductor are in phase (at the sane phase 

angle) . Earth return current is the vector sum of the currents in the 
phase inductors, when currents are in phase, as with an odd-triple 
ar^iQthe result^t contribution to earth return current is merely the 

currents. Unbalanced conditions will only 

2Sl nin the vector sum resolution of un- 

e^l non odd-triple harmonics contribute to the ground return current 
where on a balanced system they cancel and are no? part of 


2.2 


^damental frequency phase currents may be shown by a vector 
(see Figure 1) . The current in each phase is thusf 


^ \ J sin 0°) = II + j 01 

A A 

120° + j sin 120°) = -.5Ig + j.s?!^ 
I^ 240 = (cos 240° + j sin 240°) = -.5T » j.gvj 
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FIGURE 1 : PHASE CURRENTS IN THREE-PHASE POWER SYSTEM 


2.2.1 


Where phase current magnitudes are the same (I^ = I - ! 
unbalance current and there is no contribution to earth 
assuming a 40 anpere current in each phase; 


= I„) there is no 
return current. 


1 (40) + j 0(40) == 40 + j 0 

-.5 (40) + j .87 (40)= -20 + j 34.8 

-.5 (40) - j .87 (40)= -20 - 1 34.8 

= 0 + j 0 Arnpere Unbalance 


2.2.2 When magnitudes, I the vector sum of the currents will 

not be zero and th^e will be an unbalance current which will return 
ria the neutral conductor and earth. Assuming = 20, Ig = 80, Iq = 40, Artperes. 


1 (20) + j 0 (20) 

-.5 (80) + j .87 (80) 
-.5 (40) - j .87 (40) 


= 20 + j 0 

= -40 + j 69.6 
= -20 - 1 34.8 

-40 + j 34.8 Ampere Unbalance 


Converting from rectangular to polar form = 53 /139^ 


Anperes 

Unbalance 
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2.2.3 The unbalance current ronains the same regardless of which phase 
is carrying a given current. For exanple assume the same three 
phase currents shown in Paragraph 2.2.2, above but distributed among the 
phases thus, = 80 = 40 = 20. Only the phase angle changes. 

1 (80) + j 0 (80) 80 + j 0 

-.5 (40) + j .87 (40) = -20 + j 34.8 

-.5 (20) + j .87 (20) = -10 - 1 17.4 

50 + j 17.4 Atrpere Unbalance 

Converting frcm rectangular to polar form = 53 719^^ Amperes Unbalance 


.3 Ihere is the special case where two of the phase currents are of 
e^al magnitude. The vectors can be oriented so that the 1 ccm- 
ponents will cancel out and the following equaticn will apply: 

.51 + .51 - I =1 
e e u N 

Where: = The equal phase currents 

^u ~ unequal phase current 

= The unbalance current that would flow in the 
neutral and earth path. 


2.3.1 


corputation of the vector 

currents. For exanple, take a case where; I =40 I - 80 
anperes. .5 Mn 4. c tAo\ - a ■‘•o “ w, 


2.3.2 


(40 + .5' (48) = ■20Vi3“-"8?:'36'‘anii«s:® 


1 (40) + j 0 (40) 

-.5 (80) + j .87 (80) = 
-.5 (48) - j .87 (48) = 


40 + j 0 
-40 + j 69.6 
r24 - i 41.8 


2.4 


-24 + j 27.8 Anpere Unbalance 

■averting fran rectao^lar to polar fort, = 37 ^ A„peros Unbalance 

neutral wire with a claitp-on aimSr^H^^^ the 

method is accuratrSlt current, 

discussed later there are methods of expense. As will be 

^rents with a r^asonable^auracy wSch^S'^Lt ^®tum 

require power oonpany assistance.^ ^ ^’^^^^sive and do not 

3. MUTUAL IMPEDANCE 
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3.1 A simple e3q3lanaticn of magnetic induction is given in Paragraph 

4 of TE&CM Section 451. It describes how a magnetic field pro- 
duced by an ac current flowing in a power conductor will induce a longitudinal 
voltage in a nearby telephone conductor. The magnitude of this induced 
voltage may be determined for an unshielded telephoie conductor by calculating 
the mutual inpedance between the two conductors and multiplying this irtpedance 
by the earth return current. 


3.1.1 Mutual inpedance may be defined as the ratio of the induced open 
circuit voltage to ground in the telephone ccaiductor per unit 

length to the unbalance current (earth return current) in the power system. 

3.1.2 Mutual inpedance provides a valuable tool for use during noise 
investigations. The expected power influence in an exposed tele- 
phone circuit can be calculated for comparison with recorded measured values. 
Other paralleling metallic conductors, including the telephone cable shield 
help "shield" cable pairs and reduce induced voltages. Shielding, therefore, 
should be considered in any calculations. Shielding and shield factors will 
be presented in Paragraph 4 of this TE&CM. 


3.2 J. R. Carson of Bell Laboratories developed the equation for mutual 

inpedance in 1926. E. D. Sunde^\)resented a simplified form of 
Carsons equation for mutual Impedance between power and telephone. For separ- 
ations between the two facilities normally found during noise investigations, 
Sunde's simplified equation is valid to within five percent. This is an 


acceptable accuracy for calculations discussed in this section, 
simplified equation for close separatice is: 


Zl2 = J 


47 ! 


2In 



+ 1 


- Jtt. 
2 


4_ 

36 


(1 + j) (h, 


Sunde ' s 


tiij) 


Where: = Ccttplex mutual impedance per unit length (ohms/meter) 

- 2iTf = angular frequency of inducing current (radians per 
second) „ 

y = 4Tr X 10” = free space permeability (henry/meter) 

°g = 1. 7811=6^2 2 

di 2 = yih^ ~ + X = radial distance between conductors 

X = horizontal separation between power and telephone lines 
h. = height of power line above ground (negative if buried cable) 
h^ = height of telephone line above ground (negative if buried 
cable) 

p = earth resistivity in meter-ohms 
6 = skin depth in imeters = 2p/wiip 

Y = .5772 = Euler's Constant 
In = Log© 

NOTE: X, h^ and h 2 are in meters. 

3.2.1 A complex impedance is made up of a real part and an imaginary 

part. Thus, the cciplex Impedance (Zj^ 2 ^ coposed of a mutual 
resistance ^ mutual reactance (^^2^ * Therefore, Z ^2 — ^12 ^ ^ 


3.2.2 The equation shown in Pciragraph 3.2 can be simplified by collecting 
its real and imaginary parts. This simplification is valuable for 
engineers when perfonming mutual impedance calculations. The real part of 
the equation is; 

E. D. Sunde, "Earth Conduction Effects in Transmission Systems", Dover 
Publications, N. Y. (1968). 
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Ri 2 - _-e_ 

4ir 


JL 

2 


36 


‘"l ’’2> 


and the imaginary part is: 


Xi 2 = <aia 

4lT 


2ln / ' \ + 1 + 4_ (h, + h.)' 

[ 3S 1 2 


3.2.3 


3.4 


The results of carputaticais in ohms/meter may be converted to 
ohmsAilofooh by multiplying by 304.8. 


The equation in Paragraph 3.2.2 has been used to develop the 

2 determining the mutual impedance between 
Sr at the fundamental f requeS(S iSf 

^se ths chart enter fra» the tottom scale followlS^thfverticIriL 

s t‘s ^thr r i 

3.4.1 Assu^ng there is a buried telephone cable beneath a power UnP 

»ter.h.'^r^^reS?St“ 4 

P = 100 line. hI?SSlJi"?o “ intersects the 

wpedance is about 0.098 ohms per kilotoot mutual 

earth return current- nr, Kirotoot. if there is oie ampere of 60 Hz 

voKiT^^rZd^f 5 =" open^rcuit W L 

o ground of 0.098 volts per kllofoot of unshielded telephone conductor. 

tTSI'sSS” S‘cw"^ urea is taown and it Is 

cm the bottm scale. FoUow^' verti2^iIS\ W)/^ 

the p = 1 curve and read ^ ol’^hTf^S s^SfoTiS 

SLSTSwS SfSlitae^” impedance 

gU-tlon IS identic^ to th^^for PlSr^ SsL^sITSlrrfgS^ll^:- 


■' ScS:t?L^T:^ir?„^"bSr^ •-here 

are desired. There will be cases ^ telephone systons 

Hertz) are predominant and mutual lmpedanS°af (540 

4 been developed for thS^SS are desired, 

mp^ance in ohns per Hertz. The chart it? provides the mutual 

scale at the point (d) x yT” fd -- rvf botton horizontal 

frequency in Hertz) . 'pollw the separation in feet and f = 

with earth resistivity of interest ^d intersection 

on the left scale of the chart Multin^v niutual impedance for one Hertz 

mutual Impedance in ohms per klloSt ^ ^ ^ obtain the desir^ 
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3.6.1 the predominant harmonic along a pcfwer line proves to be i-h^ 

value"Sffm? oL^^r kJSfSt/ 

kilofooL SiL ?s inpedance of 1.17 ohms per 

there would be an induced 90rHrvo1^f 

unshielded telephone conductors. ^ 1-17 volts per kilofoot on 

3.6.2 re^stivity of an area is not close enough 

the point (d) A )/-)f of tS tott^ ^ 

f = frequency in Hertz and p = earth resistivitv 

vertical line to the intersection wit-w 4 -if ^ >i^ter-ohnis) . Follow the 

this point on the left scale of the rhar+ ^ ^ead Zm per Hertz of 

illustration in ParagS^3 6 TbS^S Stef 
litpedance would have been 1.46 rather ?han I.'itSSL 

nd^a prepared to provide a convenient means of deter- 

horizontal scale at the value of^ fS^^’ rf f ^ along the bottom 

point it intersects of /f f l-e to the 

scale of the chart . ^ ^ this point on the left 

4. SHIELD FACTORS (n) 

Sec^nf sf given in Paragraph 5 of TE & CM 

between the power and telephone oondnrf^^ addition of a conductor 

the longitudinal induced voltarr^t. -in 4 ->.^ 4 - i some reduction of 

of 451 also shows vla^lSd fS-i^ telephone oonductor. Paragraph 5 

at the 60 Hertz fundaiiental frequency^SS^that shfeld^*^*i^ minliral shielding 
quency. Effects of shield res^^nS SS ^ • shielding increases with fre- 
ocnnectlng shields to earth are of olectrodes 

S^tta tSp^’cteSt^'SsSr^ r^io of the voltage to ^und 
the shielding circuit, to the nonczh-ii^iAaa ■ after introduction of 

telephone circuit {disturbed circuit) voltage to ground in the 

(disturbing circuit) r JSSi nf JS sLf 

4.1.2 Shield factors are another valnaWo +-.-.^1 ^ 

Expected power influence at anv haTTnr^ • noise investigation. 

telephone circuit can be calculated and ^ frequency, in an exposed 

an De calculated and ccnipared to recorded neasured vS.ues. 

SdSiffy te fS^fS f ® shielded telephone 

in a nonshielded conductor as fouS S^P^aLSh^f ground 

uuiiu in Faragraph 3.1.3 ty the shield factor. 

the shield con- 

disturbing conductor is: disturbed conductor and reiiote from the 




80 100 200 300 400 500 600 800 1000 2000 3000 4000 6000 10000 

8000 
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1 •• ‘-n ^ 

. _Rj_ 


Where: n = Shield factor 

Z„«= Ground return self impedance of the shield in ohms 
per kilofoot. 

^23~ return mutual inpedance between the shield 

and telephone ccwductors in ohms per kilofoot. 

= Total resistance to earth of earth electrodes in ohms. 

I - Length of cable in kilofeet 

4.2.1 Since most telephone noise investigaticais will involve cables with non- 
magnetic shields, (Muminum, copper, etc.), the equation in Paragraph 4.^ 
can be simplified. For a nonmagnetic shield, the internal self reactance is negli- 
gible and the internal self resistance is the effective resistance of the cable shj 
ITne ground return self impedance (Z22) of the cable shield is thus ecfual to the 
external self inpedance effective resistance (^22) • self 

ijTpedance (229) of cable shield differs fran the mutual inpedance (Z23) 
between the shield and the telephone conductors only by the effective resistance 
(r22) of the cable shield (Z22 - Z22 = r22) • 


^23 ^22^ 


4.2.2 Applying this to the equation in Paragraph 4.2 produces the following 
equation for application to cables with nonmagnetic shields: 


rjjJ- 


rjj + + zo 


Where: n = Shield factor 

^22~ ^ffootive resistance of shield in ohms per kilofoot 
Z°22= External self inpedance of the shield circuit in ohms 
per kilofoot. 

R,j, - Total resistance to earth of earth electrodes in ohms. 

I - Length of cable in kilofeet 

ons equation, discussed in Paragraph 3, can be sijtplified to 

calculation of the self and mutual inpedance 


X 10 f X log^^Q / 2280 




n 

= 0.3 X 10 f + j 0.882 X 10~^f 


X log.^ f 2280 \ 

r?? 

V p/ 
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Where: 7^,^^ 


Z 


23 



f 

D 

P 

d 


Ground return self inpedance of the shield in ohms per 
kilofoot. 

Ground return mutual impedance between the shield and 
telephone conductors in dhts per kilofoot. 

Effective resistance of shield circuit in ohms per 
kilofoot (where shield circuit is a single metallic 
shield conductor, n = 1) . 

Frequency in Hertz. 

Radius of shield conductor in feet. 

Earth resistivity in meter-ohms. 

Radial distance between conductors. 


4.3.1 As was shown in Paragraph 4.2.1 Z22 = + Z°2p. Z° is a complex 

inpedance and in rectangular form is equal to an external resistance 

term and an external reactance term, Z°.j„ = R + j x . 

s s 


4.3.2 The earth return mutual inpedance (Z20) between circuits is a complex 
impedance. In rectangular form it is equal to a mutual resistance 
term plus a mutual reactance term, 223 = !^ + 


These equations are approximations that are valid for the separations 
and frequencies most often encountered during noise investigations. 


^ ^ Curves in Figure 6 are for calculating 60 Hertz self or mutual re- 
actances and are useful for finding 60 Hertz shield factors. Since 
these curves are intended for this single application, the (d) or (D) scale 
has only been plotted to 10 feet. Where mutual Impedance between the power and 
telephone systans is desired refer to Paragraph 3. 


4.4.1 Enter the bottom horizontal scale of Figure 6 at the value corre- 
to the radius of the shield conductor in feet. (To find 
radius of a cable shield in feet, divide the shield diameter in inches 
^ 24; . From this point, follow the vertical line to the point where it 
interaects ^e apropriate earth resistivity curve. Read the reactance on 
the left vertical scale. 


4.4.2 Where average earth resistivity is not close to one shown in the 

J f scale alcMig the bottom line at the point (d) / 

P ( )/v p . Follow the vertical line to the intersection with the 
of FigS?^6.^^ reactance of this point on the left vertical scale 


4.4.3 ite external or mutual resistance term is needed to corplete the 
external self or mutual impedance in rectangular form Thi^ SL 

it intetsectJ 



R in OhmsAilofoot 
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* * ■Fartf'AT' is desi' 3 -€d if ox* 10 flcilpfcct of 

taohfrS Se I o£ this'PWana the shield reslstooe is l-l ^ E“„ 
'kilofoot from 1' T' 
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TABLE I 

CABLE DIAMETERS IN INCHES FILLED CABLES 


PAIRS GAIX3ES 



26 

24 

22 

19 

6 

- 

.41 

.44 

.51 

12 

- 

.49 

.54 

.77 

18 

- 

.53 

.63 

.82 

25 

.50 

.61 

.70 

.92 

50 

.62 

.76 

.90 

1.29 

75 

.70 

.88 

1.09 

1.57 

100 

.77 

.99 

1.22 

1.73 

150 

.93 

1.19 

1.48 

2.09 

200 

1.08 

1.44 

1.66 

2.37 

300 

1.26 

1.62 

2.01 

2.79 

400 

1.43 

1.86 

2.30 

- 

600 

1.74 

2.29 

2.81 

. 


NOTE: ^se diameters apply to the following shield materials; 5 mil ooppei 
0 mil copper, 8 mil aluminum, and 6 mil copper steel. 


FrOT Figure 7, we find the external resistance term for 60 Hertz is 

we obtain a cable radius *01^0^02^166? in inches (0.61) by 24 

actance for a cable with 0 09 "; •Frvi 4 - ^ shows the external self re- 
resistivity is 0.265 ohms/kft. meter-ohms earth 

4.4.4. 2 Placing these values in the equation shown in Paragraph 4.2 produces 

Rt 


n = 




‘'22 


T + 


ZO 


22 


10 

_ 1 .1 + 10 =91 

^ o-(5T?tto:* jMii + J o.jsr 
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4. 4. 4. 3 Itie denominator (2.118 + j 0.265) is the ground return self irrpedance 
(Z„„) of the shield circuit in rectangular form vdth the added term 
:or the resistance to earth of the end electrodes. Before the division opera- 
tion can be completed the denominator must be conve rted from rectangular to 
)olar form. Tlie magnitude of the impedance (Z) = + X . This gives 

^,1 0.99 = n. Tlie phase angle involved may be ignored for shield factor 

M3 

ipplications discussed here. 


4.5 Curves in Figure 8 are for calculating 540 Hertz external or mutual re- 

actances and are useful for finding 540 Hertz shield factors. Since 
:hey are intended for this single pxirpose the (d) or (D) scale has only been 
plottc^d to 10 feet. Refer to Paragraph 3 for mutual utpedance between the 
power and telephone systems. 

4.5.1 ISnter Figure 8 ' s botton horizontal scale at the value corresponding 
to the radius of the shield conductor in feet. (To find the radius 
of a shield conductor in feet divide the shield diameter in inches by 24.) 

From this point follow the vertical line to the point where it intersects the 
appropriate earth resistivity curve. Read the reactance of this point on the 
left vertical scale. 


4 5 2 Wlnere the average earth resistivity is not close to one 

.shown in the curv es en ter the scal e along the bott^ line at t e 

value corresponding to (d)//~p~or of^this^point on 

the intersection with the p = 1 curve and read the reactance of this point 

the lef t vertical scale of Figure 8. 

/I p 'A The ex ter nal or mutual resistance term is needed to corplete the 

foL of the “1 =-1* - 4 ^ 

method for obtaining this term is discussed in detail i g P 

4.5.4 Msume tte sMeia factor is desired at 540 Hertz for the same cable 
described in Paragraph 4.4.4. 


4.5.4. 1 From Figure 7, the external resi) 
kft. Ibe external self reactar 
0.025 foot radius in an area of 100 metei 
kft. 


4.5. 4.2 Placing these values in the eqi 


121 


^22 ^ Rt + ^*^22 1 ^ 


1.1 + 
Mxnr 


2.1 = 0 . 6 ' 

Again phase angles are not necessary and 
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suiio UT qoojOTTM J9d sx ao mx 


Conductor Separation or Radius (d) or (D) in Feet 









REA TE&CM 452 
Page 19 


4 6 The application of Figure 6 and 8 should cover nrast 

Llcu?Lion of the shield factor is desired. There f 

where a harmonic other than the ninth (540 Hertz) is 
factor at this frequency is desired. Figure 9 has been develop 
cases It provides the external self or mutual reactance in ohmsAft per 

Enter the bottom horizontal scale at the value corresponding to (d) x 
rf or to? X fS^Io-. the vertical line to the point it i^ersects the 

Lrth resistivity of interest and read the reactance for one tertz the left 
vSicS icall Multiply this value by f to obtain the desired reactance term, 
Thr^emal self or mutual resistance term is obtained from Figure 7 as 
described in Paragraph 4.43. 


4 . 6.1 


Assume the shield factor is desired at 900 Hertz for the 
described in Paragraph 4.4. From Figure 7, the external resistance 

term is 0.269 ohms Aft. 


4.6. 1.1 


is 1 00395. Multiplying this by 900 provides the total self reactance, 3. 
ohms Aft. 


4.6. 1.2 


Placing these values in the equation shown in Paragraph 4.2 produces: 


n = 


r?? t l 
f22 + _!T + ’^°2Z 

i 


10 

1.1 + 10 

1.1+10 + 0.269 + 0 3.56 

V5 


2.369 + j 3:56 


2.1 = 0.49 

4.28 


5 . EXPECTED VOLTAGE TO GROUND 

5.1 During noise Investtgatlc^ a\Sei*on?SrSt S SS**icli^shouia 

be e=,peot^S^e^Su)^ S f voSSe 

at the fundatientel f actoS^aiscussea in Paragraph 2 , 

“ 'SS^. SlU can th« converted to power Influence. 

all of which influ^re ^ S^aSJSS^conSmt^ actually varies 

The actual value used in the calo^latlona 

is an estimate of average separation. 



007 
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5.1.2 Eairth resistivity along a cable route will usually vary over a wide 
range. An average value based on several neasured values along a 
route will provide an acceptable calculated power influence. It can be shown 
that at 60 Hertz an unshielded telephone conductor 10,000 feet long located 30 
feet fron a parallel power conductor with one aitpere earth return ci^rent will 
have power influence as shown with various values of earth resistivity. 

Earth Resistivity in Meter-ohms Power Influence in dBrn 


100 

1000 

10000 


92.8 

94.6 

96.2 


These values are within the allowable tolerance for expected voltage to gromd 
calculations. They also indicate that calculations for areas v^ere measur^ 
earth resistivity is unavailable n\ay be ccnpleted using an assimned value o 
1000 meter-olims. 

5 13 Power system eart-h return current will vary through the le^h of 
exposvre. The value used in calculations is usualj^y an a^^^ge of 
two or three measuranents of the earth return current along the length of 

ejqxjsure. 

R 1 4 Calculations are usually accurate enough to determine wte^er 

maasured influence values are considered valid. 

j. 4. n T 1-1 ovnosure should be suirveyed, recording the 

is essentiSfSa 

of exposure may be measured essentially the same and the 

vary by up to ten feet are ^^^J^g^^estimated. Where greater varia- 

toSd^“hey should te treated as new exposure lengths. 

5.,.1 earth b-- -re* of 

one. 

SSI?s°'av*iS"° ^s'wlU Se discussed in detail in mCM 452.2 and 
452.3. 

5,2.2 After determining : pSS^syst^eSh" return current , 

and canwnications_cir^its, gfw _ bcmriunica- , 

average earth resistivity shield factor as per Paragraph 4, 

tiens eWts as 

the e^^cted open circuit 

equation beiow. 
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Where: = Voltage to groiand in volts 

Z^ 2 " Mutual impedance between the power and telephone 
circuits in ohms per kilofoot 
Iqp,= Earth return current of the power systen in amperes 
Length of ejqxDsure in kilofeet 
n = Shield factor for the telephone cable 

Since most test equipment for measuring voltage to ground provide 

results in dBm noise-to-ground (N ) rather than volts, it is 
desirable to convert the ejected voltage to^ground (E ) to dBm. TE&CM 
Section 451 shows that the voltage reference for OdRm^noise-to-ground is 
2.45 millivolts to ground. Tl'ie ejqpected voltage to ground can be converted 
to noise- to-ground in dRrn with the following equation: 


5.3 


Ng dBm = 20 log 


2.45 X 10' 


-3 


5.3.1 


The nolse-to-ground in dBm provided by the equation in Paragraph 
5.3 is the value which will be read on noise measuring sets capable 
Of single frequency nieasureinent, set for 3kHz Flat weighting. It is neces- 
sary to add 40 dBm to obtain power influence. 

5.3.2 The equation can be adjusted to provide power influence in dlim. 

When the adjusted equaticxi is used, it is necessary to 

rneasuring set readings of noise-to-ground before cortparison 
to the expected power influence. The adjusted equation is: 


PI dBm = 20 log 


24.5 X 10 


-6 


5.3.3 


prepared to provide a convenient 

for 3 kHz S w^fohtS^f Influence 

^ ^ weighted measurements. Enter the chart along the left at the 

value corresponding to the voltage to ground. Follow the horizontal line to 
the ^int of intersection with the curve. Follow the vertical line from this 
point to the bottom scale and read the dBm power influence. 

5.3.4 at a specific: frequency Is desired ta dBmC, 
calculated or found in nguS 10 Sr^tet 

5.4 ^ ^ ^ample of expected voltage to ground calculations we can 

in v'l -F ^ pair 24 gauge filled cable, with 8 mil aluminum shitairi 

the ejqsected noise-to-around at ^4n wcr+iT' a we will calculate 

s?i€sS!-" - sr. faX-trcSTs 



REA TE&CM 452 
Page 23 


5.4.1 The mutual lutpedance between the power and telephone system is 
(found from in Figure 3. For a 40 foot radial separation and earth 

resistivity of 1000 meter-ohms, Z 22 is 0.91 ohms per kilofoot. 

5.4.2 The shield factor is calcxilated next. Table I shows a 25 pair 24 
gauge filled cable has a diameter of 0.61 inches. Table 1 in TE&a4 

Section 451 shows the shield resistance for this cable is 1.1 ohms per kilo- 
foot. The exbemal resistance term of the complex self impedance is found 
from Figure 7 to be 0.162 ohms per kilofoot. Cable radius in feet is found 
by dividing the diamater by 24, thus, 0.61/24 = 0.025 feet. Using this value 
in Figure 8 , we find the self reactance tern is 2.43 ohms. 

5.4.3 Substituting these values in the equation in Paragraph 4.2 produces 
a shield factor of/ 

Rt 10 

1.1+TO = 2.1 

1 . 1 t 1 ? + 0.162 + j 2.4^ 2.262 + j 2.43 

To 

2,1 = 0.63 = 540 Hz Shield Factor 

3!32 “ 


122 - 


+ 


>"22 


A 




22 


5.4.4 


All the variables are now available for application in the equation 
shown in Paragraph 5.22 for calculation of e^^ed 540 Hz voltage to 
ground, Z '“.91 Ota? = 0.5 » = 10 kilofeat, and n - 0.63. 

substituting these values in the equation gives, 


Eq= (0.91) 


(0.5) (10) (0.63) =2.87 volts at 540 Hz. 


5.4.5 When desired E, 


a E may be converted to dBm 3kHz Flat by using 

T-i ^ o Q 7 the expected power influence is 101*2 

Figure 1 . to expected power influence in dBmc by subtract- 

dBm, This can be 54 ?^. (see Table II), resulting in 

ing the C-itessage weighting factor tor ohv n/, 

101.2 - 6.3 = 94.9 dBmc. 


5.5 


The foregoing exaitple ®^^®^’^tte°Ser^i^d^^ephone system 
involved and the f^vnosure. Such conditions will rarely 

was uniform throughout n usually change size at one or more 

be found in the field. a . change sides of the road. We wili 

tions and power or ^ Figure^ 11 illustrates a more t^ical 

now consider a more ty^c^ the field during a noise investigation, 

condition which might be found in the tieia 
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-* 5 kf. 

^ -L J • 

3-phase power system 


~T ^ 

60' Separation 

— ^ 

1 ' 



30 ' Separation 

50 24 Cable 25-24 Cable f 




1? Vf — 

^ 8 Kf ^ 



FIGURE 11: SAMPLE EXPOSURE 


n c: 1 An 540 Hz earth return current of 0.5 ampere will be assumed in area of 
1000 Kter-oltre earth resistivity. Thert 

calculating the caSfbe aviragea for the 

separations, cable diair^ers, Second, the calculations 

total length and a single calculation can te nede. bertna^^ ataiiple, and 

assumed to be zero to permit easier conparison. 

resistivity. 

c; 5 The shield factor is calculated next. Table I shws that the 

diameter of ^ ^ ^4 gau^^fillg^caMe^^^^ 

a«ra^M8S"76? fdaxO.?!) = 6.08 t 7.32 = 13.4/20 = 0.67 inches 
average shield diaineterp 

5 5 5 1 Prcm Figure 7 the 540 Hertz external resistance term is 0.162 o1:ms 
SrkiiSLt. Average shield radius in feet is found by dividing 

the, averagSeSteSn inches ^ 24, ttas, 

yalue the self reactance of 2.4 ohms is found in Figure 8. 
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5. 5- 3. 2 Table 1 in TE&CM 451 shows the shield resistance of a 50 pair 24 

gauge filled cable with 8 mil alimiinum shield is 0.88 ohms per 
kilofoot and a 25 pair 24 gauge filled cable is 1.1 ohms per kilofoot. 
Averaging these gives (8x0.88) + (12x1.1) = 7.04 + 13.2 = 20.24/20 = 1.01 
ohms per kilofoot. 

5 . 5 . 3 . 3 Substituting these values in the equaticai shown for shield factor 
in Paragraph 4.2 gives: 


r) = 


+ L 

r22 + ^ + Z022 
A 


0 

= 1.01 + 20 

“1.01 + 0 O'. 162 + j 2.4 

20 


1.01 

1.172 + j 2.4 


1.01 

2.67 


0.38 — 540 Hz Shield Factor 


equation in Paragraph 5.22 

per kilofoof expected voltage to ground. Z,„ = 0.92 ohms 

kilofoot IGR - 0.5 ampere, £ = 20 kilofeet, and n = 0.38^ Substitutina 
these values in the equation gives: i>uDstituting 


5.5.5 


5.6 


Eq (0.92) (0.5) (20) (0.38) = 3.5 volts to ground at 540 Hz. 
103 !’i^^? ^ influence is found to be 


^pect^ voltage to ground can also be calculated by the 

an. 

24 gauge cable parallels the power line , separation, the SO pair 

30 lo^ separat?S!'^\r2rSL ^ 

for a distance of 12 kilofeet vSh a 30 folt ° 

5.6.1 Figure 3 shows the mutual impedance for tivo t: i. 

length is 0.79 ohms per kilc^t l^lofoot exposure 

^0 Hertz for a 50-24 filled cable (frcm PWe 

The cable radius in feet is 0.76/24 = 0.032^t^ per kilofoot. 

IS 2.14 ohms as found in Figure 8. ’ external self reactance 

5.6. 1.1 Sbtotituting values in the equation for shield factor gives: 


n = 0.88 

U.88 + U. 162 + j 2.TT 


t : u 42 + j- zrrr ~ 


540 Hz. Shield 
Factor 
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5 . 6 . 1 . 2 llie expected voltage to grotind for this exposure length is (0.7'^’) 

(0.5) (5) (0.37) = 0.73 volts to ground. 

5.6.2 Tliere is only one difference between the 3 kilofoot exposure length 
and the 5 kilofoot discussed in Paragraph 5.61. The separaticai 

between the power line and the telephone cable is 30 feet rather than 60 feet. 
Frcm FJ.gure 3, the mutual inpedance for a 30 foot separation is 0.92 ohms per 
kilofoot. '.hne expected voltage to ground for this ejposiure is (0.92) (0.5) (3) 

(0.37) =0.51 volts to ground. 

5.6.3 'fhe mutual impedance between the power line and the telephone cable 
for the remaining 12 kilofoot exposure length with 30 foot separa- 
tion will be same as for the 3 kilofoot exposure discussed in Paragraph 5.62, 
0.92 ohms per kilofoot. Ihe external resistance term of the cable at 540 Hertz 
is 0.162 olms (from Figure 7) . The cable radius in feet for a 25 pair 24 gauge 
filled cable with an 8 mil aluminum shield is 0.61/24 = 0.025 feet. Frcm Figure 
8, the external self itrpedance of a cable with 0.025 foot radius is 2.42 ohms. 


5,6. 3.1 Substituting values in the equation for shield factor gives: 


1.1 

TTTTXTe a + 0 z M 


= 1>1 

1.262 + j il.42 “ 2.73 


1.1 


= 0.40 = 540 Hz Shield 

Factor 


5. 6. 3. 2 The expc-jcted voltage to ground for this exposure is (0.92) (0.5) (12) 

(0.4) = 2.2 volts to ground. 

less than the value obtained by averaging in Paragraph 5.54. 

>■“ E-aSr-i 

averaging. averaging methg^s rccat^dg vS^iS"^sSe°le^S^ in^- 

ages to ground. each end are zero ohms. This 

vidually works well if Where there at 

condition does not ^ 

each end the problem of distributing its 
exposure lengths is quite ccttplex. 

5.8 Tliere is another 

been discussed. This is wherc 

gcouna at 

every two kilofeet# The 

sitStions but the calculations are ccmpl 

5.8,1 Calculations of ^^J^^lgtrib 
several ejqwsures 
ccmplex equations. These same ca 
a ground at each end of the t4 

dBm difference in the power in 
difference. 



REA TE&CM 452 
Page 26 


5. 5.3.2 l^ble 1 in TE&CM 451 shows the shield resistance of a 50 pair 24 
gauge filled cable with 8 mil aluminum shield is 0.88 ohms per 

kilofoot and a 25 pair 24 gauge filled cable is 1.1 ohms per kilofoot. 
Averaging these gives (8x0.88) + (12x1.1) = 7.04 + 13.2 = 20.24/20 = 1.01 
ohms per kilofoot. 

5. 5. 3. 3 Substituting these values in the equation shown for shield factor 
in Paragraph 4,2 gives: 


n = 


2 t 9 . 

r22 + ^ + Zoop 


0 

1.01 + 20 

1.01 + 0 + O'. 162 + j 2.4 

20 


1.01 

1.172 + j 2.4 


1.01 

2.67 


0.38 “ 540 Hz Shield Factor 


available for the equation in Paragraph 5.22 
cer expected voltage to ground, z = 0.92 olms 


5.5.5 


5.6 


(0.92) (0.5) (20) (0.38) = 3.5 volts to ground at 540 Hz. 
losl^/to? ^ Influence is found to be 


The e^ct^ voltage to ground can also be calculated by the 

a«l„g 

24 gauge cable parallels the ^r Une for a distf^ STf 

30 foot separation, and the ^ 

for a distance of 12 kilofeet wSh a 30 fo?t sep^ato 

5.6.1 Figure 3 shows the mutual iiTroedanr>(=. fnr- +->,« k i - n xr . 

length is 0.79 ohms per kiSSt The J^lofoot exposure 

^0 Hertz for a 50-24 filled c^e (fron Piiure 7) S 

The cable radius in feet is 0 76/24 - n ^ 0-162 ohms per kilofoot. 

is 2.14 ote as found^ Figure 8 ' ^ ^ ^ reactance 

5.6.1.1 Substituting values in the equation for shield factor glves= 


n = 


0.88 


0.88 


u.sa + 0.162 + j 2.14 ■ TMTTJYrr^ 


= 0/. 88 = 0,37 = 540 Hz. 
2.38 


Shield 

Factor 
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5 6 12 The ejected voltage to grovind for this e 3 <posure length is (0.79) 

(0.5) (5) (0.37) = 0.73 volts to gromd. 

5 6 2 There is only one difference between the 3 kilofoot exposure length 
and the 5 kilofoot discussed in Paragraph 5.61. sedation 

oetween the power line and the telephone cable is 30 
5'rcm Figure 3, the mutual irnpedance for a 30 foot separation is . 

Th; expected voltage to ground for this exposure is (0.92) (0.5) (3) 

(0.37) =0.51 volts to ground. 

5.6.3 The mutual iitpedance between the power 

for the retaining 12 kilofoot eJ^sure length with 30 foot je^a 

tion will ti same as for the 3 kilofoot exposure discussed in 

0^92 SS Sr mofoot, ihe external resist^ce term of the cable at^540 Hertz 

is O'. 162 ohms (from Figure 7). The q o 25 fLt^ From Figure 

filled cable with an 8 mil aluminum is 2.42 ohnS!^ 

8, the external self impedance of a cable with 0.025 toot 


5.6.3. 1 


Substituting values in the equation for shield factor gives: 


n = 


1.1 


1.1 


1,1 + 0.162 + J 


■ 02 " 


1.262 + 0 


= 1.1 

2.73 


= 0.40 = 540 Hz Shield 

Factor 


( 12 ) 


5.6.3.2 The expected voltage to ground for this exposure is (0.92) (0.5) 
(0.4) = 2.2 volts to ground. 

5 6 4 Adding the e^qjected voltages to ground for the 

gives 0.73 + olsi + 2.2 = 3.44 volts to ground. This is 0.6 volts 

less than the value obtained by averaging in Paragraph 5.54. 

5.6.5 From Figure 10, the power influen^ ^Th2‘?03Y®rrf?mr^''^ 

103 dBm. This is 0.1 dBm less than the 103.1 dBm found oy 

averaging. ^^gj-aging method is recotimended for calculation 

ages to ground. Calculation of the various ensure ^n^hs in^- 

vidually works well if the SeJels'^lSJaScfto^iund at 

condition does not occur in the field. individual 

each end the problem of distributing its effects properly to tne inaivi 

ej^osure lengths is quite ccrnplex, 

sitioations but the calculations are ccrrplex and will no p 

5 8 1 calculations of eaqjected voltages to ground have been made for 
sevSL ejqxDSures^th distributed ground connectims using tte 

ccplex equaticns. “'“If 

^idered a significant 

difference. 
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5.8.2 Sin® the expected voltage to ground is calculated to deterTrine 
reascoable, calStaSSS'^rt^^ to ground in the telephone system is 
accurate enough fo?^:tS^ are 

Ixportant to system 

protectlcn SDnsiS”icn“ discussed in sections dealing with system 


6 . 


HMWONIC analysis of PCM® DlFUIiacE ON TELEPHONE CABLE PAIR 


SLfc^aSrlSS “ils 

tal and hammio fregCSlefcS 1""® fundamen- 

power system operaticn. While the earth t-et ^ ^ information relative to the 
conditions in tte po^r svsj^ currents due to unbalanced 

problon areas ca^ SSn te oPetatlcnal 

«S?o^VSl°2SLrSMi 2™ " tower Influ- 

Identify and locate power infoniBtion that will 

there is usually a clear indicaticn as to*wher?^a^Si^af Accomplished 

made to better identify a problem. " additional measurenents can be 

to«r fundamental and 

pair is available, it ^uld be used for location. When an idle cable 

one. ^ measurement in lieu of the working 

6.2.2 Recorded results fran these measuronentc? 
iu) and mea^'^SfoJf SSaly Va)"vaiS2 

o De expected on noisy loops in most telephone coiT?)anies . 
6.3 Among the Eo«r lino problem areas that can bo identified are: 

n ~ balance in a 3-phase power systan. 

c : cassss^=:s?hin7:? 

installation, (open capacitor) ^ ^ bank 

E : “ ®®tocltance value) 

- Power toansforner problems. 

Harmonics fron generator or motor. 

Harmonics from SCR control devices 

- Harmonics fron Rectrifier (ac and dc side), 

ZZ Bell 'felephone Laboratories, me., 1971 Noise Loop Survey 


F 

G 

H 

I 



NOISE TO GROUND (dBm) 
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FREQUENCY (Hz) 

I 3 5 7 9 II 13 15 17 19 21 23 25 27 29 31 

HARMONIC 


. Mean of survey (u) 
- y + a of survey 


FIGURE 12 


PF<;iiiT5 OF NOISY LOOP SURVEY 
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6.3.1 


circuits in the telephone company plant can also be 


exists it will usually be clearly indiLtS ^’ a ® single problem 

where two or more problems exist\lSni^S^^‘ Analysis becomes more difficult 

^ually determine the predominant problem^a?ea^aSd''3ter^!rh 

seSSId'^JSSSI^ea!^^ Provide data which will permit identifKation 

-as™s are e<^al to or less 

balance (60 dB or better) TtherJ ii Plant has good 

are applied to the (y + a) values and th2« Problem. If C-message factors 
basis, resulting power influence is about added on a power sunmation 

me^urwents 


exploring coil siudy of power line 


monitor earth return current of empower lini^It analyzer to 

along Its entire length* hanronic frequency, anywhere 

nSSf initial step of a special- 

analysis of power Influence on a cabS subsequent to harmonic 

Experience indicates that thrnLth hJJSi In Paragraph 2. 

in the majority of noise problems. Thus wh^n ^ predcminant 

the spectrum analyzer should usually be set technique 

hpuonic analysis of a cable S hL 

the spectruTi analyzer should be set at that frequen^^^^°^”^^ frequency 

’■ ' aocanpushea by 

while traveUng along the line. By monitSS/t^*h*®‘^ line frcm a vehicle 
dsternuned wher© capacitor banVc; rm^r v-v-> harnonic l©V6l it can be 

ground for harmonic currents the locatim°^f ^ impedance path to 
^ce this information is aJJllSL ^ transformers, etc. 

to confirm the problem location and severity. suranents can be coipleted 


452.2. 




8. TELEPHONE INFLUENCE FACTOR (TTF) 
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6.3.1 Cpen shield circuits in the telephone carpany plant can also be 
detected. 

6.3.2 Each of the problem areas listed has its own pattern of harmonics 
that will exceed the (u + o) point. Where cxily a single problen 

exists it will usually be clearly indicated. Analysis becomes more difficult 
where two or nore problans exist along a single route. Close study will 
usually determine the predctninant problem area and after it has been corrected 
a new rreasurement will provide data which will permit identification of the 
second problem area. 

6.3.3 Where results of power influence msasurejittents are equal to or less 
than the plotted (n + o) values and the telephone plant has good 

balance (60 dB or better) , there is no noise problem. If C-n«ssage factors 
are applied to the (y + a) values and these results added on a power surrmation 
basis, resulting power influence is about 86 dBmc. With a cable pair having 
60 dB balance, resulting circuit noise will be 26 dBmc which is acceptable on 
long rural subscriber loops. 

6.4 A detailed discussion of how to perform harmonic frequency measurements 

and interpret recorded results is given in TE&CM 452.1. 

7. EXPLORING COIL STUDY OF POWER LINE 


7.1 An exploring coil can be a valuable tool to quickly locate seme types o 

power line problems. A coil is used with a spectrum analyzer to 
monitor earth return current of a power line at any harmonic frequoicy, anywhere 
along its entire length. 


7.2 This method can be utilized either as the initial step of a special- 

ized noise investigation or as an operation subsequent to harmonic 
analysis of power influence on a cable pair as discussed in Paragraph 2. 
Ejqierience indicates that the ninth harmonic (540 Hertz) will be predominant 
in the majority of noise problems. Thus when using the ej^loring coil technique 
the spectrum analyzer should usually be set to mcanitor 540 Hertz. Where 
harmonic analysis of a cable pair has identified the predaninant frequency 
the spectrum analyzer should be set at that freqviency. 


7.3 Study of a power line with the ej^jloring coil is acccnplished by 

pointing the hand held coil toward the power line from a vehicle 
while traveling along the line. By monitoring the harmonic level it can be 
detennined where capacitor banks may be providing a low impedance path to 
ground for harmonic currents, the location of overexcited transforners, etc. 
Once this information is available more precise measurements can be cortpleted 
to confirm the problem location and severity. 


7.4 


452 . 2 . 


A detailed discussion of how to perform an ej^loring coil study of 
a power line and interpretation of the findings is given in TE&CM 


8. TELEPHONE INFLUENCE FACTOR (TIF) 



TABLE II 
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8 . 1 TE&CM Section 451 shows magnetic inducti® is an important source 
of power system interference on telephone lines, if currents in 

the various phases of power line are perfectly balanced, inductive effects 
should c^cel out. Also when imbalance does exist, if the total unbalance 
current is carried in a neutral conductor located close to the other power 
conductors, and if the difference in spacing between the telephone line and 
the various power conductors can be ignored, inductive effects would again 
cancel out. The real concern, therefore, is with the part of the phase un- 
balance which does not flow in the power line neutral conductor, that is, we 
are concerned with the earth return current. 

^•2 Often it is the TTF-weighted value of earth return current, or 

earth return I*T which is of greatest interest. Telephone Influ- 
ence Factor or TIP is an index to the interfering effect of power system 
currents or voltages on nearby telephone circuits. 

8.2.1 TIF weighting (W^) is a frequency factor composed of: 

a. C-Message weighting factor, 

b. A frequency proportional factor (because coupling 
between power and telephone lines is roughly pro- 
portional to frequency) , and 

c. A constant factor (arbitrarily chosen to give a 
value of 5000 for at f equals 1000 Hertz) . 

8-2.2 Thus: 


Wf = 5f 

Where: = The C-Message weighting factor at frequency £. 

® ^ The TIP weighted amplitude of a complex waveform is the root— sum- 

square of the TIP weighted voltage or current amplitude of all 
the individual fre<^ency corponaits, including the fundamental. For the 
reasons discussed in Paragraph 1.4, only the current vraveform equation will 
be considered here. The TIP weighted current amplitude is given by: 

TIF weighted current magnitude = (1^ * w^)2 

weighting factors for power line harmonic frequencies of interest 
shown in ‘ifeble III. C-Message weighting factors are shown in 
%ble II. TIF values were derived from C-Message using the equation in 
Paragraph 8.2.2 and may differ from other tabulations. 

9. MEASUREMENT OF EARTH RETURN CURRENT 

S'.! Power system earth return currents can be determined by telephone 

• ^ -u ■ ^’^^ineers prior to ccsitacting the power ccmpany, providing valuable 
in^rmaticn to the telephone engineer. Analysis of the power system harmonic 
earth return currents will often identify problems in power systems i^^ich lead 
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TABLE III 

POWER HARMONIC TIP WEIGHTING FACTORS 



60 HERTZ 

TIF 

RATIO 


60 HERTZ 

TIF 

RATIO 

FREQUENCY 

HARMONIC 

iWf) dB 

TIF Wf 

FREQUENCY 

HARMONIC 

(^f) 

TIF Wf 

60 

1 

-6.1 

0.5 

1500 

25 

76.5 

6680 

120 

2 

18.1 

8 

1620 

27 

77.1 

7130 

180 

3 

31.6 

38 

1740 

29 

77.6 

7570 

240 

4 

40.4 

105 

1800 

30 

77.8 

7740 

300 

5 

47.0 

225 

1860 

31 

78.1 

8000 

360 

6 

52.0 

400 

1980 

33 

78.6 

8510 

420 

7 

56.3 

650 

2100 

35 

79.1 

9030 

480 

8 

59.6 

950 

2220 

37 

79.6 

9550 

540 

9 

62.4 

1320 

2340 

39 

80.1 

10060 

600 

10 

64.8 

1740 

2460 

41 

80.4 

10460 

660 

11 

67.1 

2260 

2580 

43 

80.7 

10840 

720 

12 

68.8 

2770 

2700 

45 

80.9 

11070 

780 

13 

70.2 

3240 

2820 

47 

81.0 

11280 

840 

14 

71.5 

3740 

2940 

49 

81.1 

11390 

900 

15 

72.4 

4190 

3000 

50 

81.0 

11250 

960 

16 

73.4 

4660 

3060 

51 

80.6 

10710 

1020 

17 

74.2 

5100 

3180 

53 

80.0 

10020 

1080 

18 

74.6 

5350 

3300 

55 

79.2 

9080 

1140 

- t,v19 , 

75.0 

5640 

3480 

57 

77,5 

7480 

1200 •. 

20 

’ 75.3 

j 5820 

3540 

, 59 . 


6900 

1260 

21 

75.5 

5990 

4500 

/.'■'r '.n 

. ; . 65.5 

1890 

1380 

23 

76.1 

6350 
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to economic penalties to a power corpany. Also those problem areas which 
^sult in excessive noise to parallel telephone facilities can found. 

tion generally facilitate more successful inductive coordina- 

tion action with power people. 


9.1.2 


9,1.2. 1 


^ ej^loring coil (cited in Paragraph 7) 
and other method involves use of a 100 foot probe wire. 


coil method has the advantage of not requiring a 
conductive path to earth as does the probe wire method; so 

canplete measurements at a given location. 
Since the probe coil has no conductive connection to earth it is less subiect' 

a? from otSrsoiJSf 

at the fundamental and lower harmonic frequencies. 

9. 1.2. 2 e:! 5 >loring coil sensitivity is approximately the saire as that of 

rneasureinen’ts made with a tan foot proba wire result ina in 4 - 

accuracy for noise investigations. ^ m adequate 

current can also be measured with a probe wire. This 
method involves measurenent of the open circuit voltaae induced in 
a wire placed parallel to and directly under a ^^er line, Sh f condSeSv^rath 

alth^h length most frequently used is one hundred feet 

9 . 1 . 3.1 sensitivity is better than that of an exploring coil. 

TT'h^iv-. -h-k ^ 4 -’ sensitivity does not contribute much to a noise invest!- 

?rv-. 4- ’ ^ • time required to set up and ccnplete nieasurements at a aiven 

location IS conslaersd. Tte one hundred foot, or longer, wl^et L iSd 

^ of grar>d ^ItS^' 

9. 1.3.2 Conversion factors for use with a 100 foot probe wire in Table VI 

eouation If" published values. Ihe correct probe wire 

Ss P1=14 1^ a4S ^ 

error. U400-H)/H) has been used. The minus sign appears to be in 


9.2 E^loring coil measurenent of power system earth return current 

Will be best understood if individual frequency cemponents of a 

^^urenSt^of^S^^ considered. Ej^loring coil testing involve! ^ 

measurem^t of the induced voltage across the coil terminals with a spectrum 
analyzer having a high impedance input (100,000 ohns) , 
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9.2.1 The coil voltage at any single frequency at a relative short 

distance from a long power line having an earth return current 
is given by; 


(V^) = 4ir X 10"’^ NAf (l^) x 0,3048 


VJhere: (V^) = Volts across the terminals of the coil at frequency f 

^ = Number of turns on coil 

A = Area of coil in square feet (Air core coil) 
f = Frequency in Hertz . 

(I_) = Earth return current of power systan at frequency f in 

amperes. 

D = Distance from geonnetric mean of power conductors to 
center of coil in feet 

0.3048 = Conversion factor for feet to meters. 

9 2 2 For an exanple we shall consider an e}q>loring coil with 850 turns 
and an area of 0.7969 square feet similar to one now avail^l^ 
Calculations for coils of different physical di^nsions wouW ^ f 

in the same manner. Substituting values into the equation of Paragraph . . 

gives : 

(V ) = 4ii X 10”^ (850) (0.7969) (0.3048) i (I^;) = 2-5945 x 10 (If) 

* — 5 — — 

9 2 2.1 Then, at any single frequency the earth return current Is given as: 

(I) 

^ 2.5945 X 10-4 f 

voltage for OdBm is 24.5 x 10-6 volts; so; 


~ (log"^ (Vf) <3Bm 
20 ” 


24.5 X 10 


-6 


4 = (u ^ the eouation of Paragraph 9. 2. 2.1 gives; 
).2.2.3 substituting for (V^) m the equarion 


(If) = (log,^ 


- 1 I («f)dBrn/20)V' 24.5 X 1(r6D OBrn/a oDP 


2.5945 X 10 


9.2.2.4 Xf results in f 


(I ) dBA = (Vf) <3Bm 


120.5 +20 lo^ D -20 log f 
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9.2.2. 5 And to find the earth return current in amperes at any single frequency 

(I^) = log-^ (d^) dBA/20) 

9. 2. 2. 6 The ma^itude of power system earth return current at any single 
harmonic frequency may be calculated by substituting exploring coil 

measi^ement data into the equation in Paragraph 9. 2. 2. 3. The noiiograph shown 
in Figure 15 has been developed based on this equation for determination of 
Single frequency earth return currents * 

9.2.3 The equation of Paragraph 9. 2. 2. 3 cannot be used for calculation 
of the total earth return currort frcm the recorded results of a 
single br^d band measurement. There is a frequency term in the equation which 
must be eliminated before a broad band calculation can be made. 

9.2. 3.1 One way of eliminating the frequency term is by use of 20/f weight- 
ing. 20/f weighting is given by: 

(V^) dBm 20/f = (V^) dBm + 20 log (20/f) 

9. 2. 3. 2 Substituting this in the equation of 9. 2. 2. 4 gives: 


{If) dBA = (Vf) -20.5 -20 log (20/f) -20 log f + 20 log D 

= (Vf) dBm 20 /f "20 lo9 20 + 20 log D 


9. 2.3. 3 Since 20 log 20 = 26 the equation of Paragraph 9.3.2 becaues: 
(I^) dBA = (V^) dBm -46.5 + 20 log D 

(I^) dBA = (V^) dBm -40 + (20 log D -6.51 


9. 2. 3. 4 This equation contains no frequency term. Use of the 20/f weighting 
has cancelled it out. Since the correction factor, 20 log D -46 5 
applies e^lly to all harmonics, it must also apply to the root-sum-square* 
total. Therefore, the equation in Paragraph 9. 2. 3. 3 can be re-written without 
the frequency subscripts: 


dBA = VdBm 2 Q/f -40 + (20 log D -6.5) 


9. 2.3.5 


With this elation a spectnm analyzer equipped with a 20/f weighted 
' 1 v. ^ single frequaicy measurements and for a • 

^ngle br^dband measurement of the total (unweighted) earth return current j ' 
factor (20 log D -6.5) may be obtained from either Figure 16 or 

laDxe XV- 


9. 2.3.6 a spectrum analyzer without a 20/f filter is used the (V^:) dBm 

^ frequency can be calculated by the equation in 

aragrapn 9.2.3.I. The 20/f weighting factors are given in Table V- The-^^ 
equation in Paragraph 9. 2- 3-4 now beccmes: 



20 log f in dB 
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Distance in feet frcsn Geonetric Mean of 
power line to center of r-o ji 



DISTANCE 

(FT.) 

■r 100 

•- 90 

:: 80 

- 70 

- 60 


50 



READING 

(dB) 


So 


30 



current 

(AMPS.) 

T 1 


2 


3 


30 

20 


10 

9 

8 

7 

6 

5 

4 



70 



4 

-- 5 

6 

:L7 

-8 

--9 

--10 



30 



80 


90 


40 

50 

60 

70 

80 

90 

■100 


Examples Dlatanoe between ®'°'’'onflgu^^Uorr28 ft. 

Sf tSr ‘S i-d «t^n cunnent = l 

Mote: Divide ground return current by order or bar 


than 60 Hz, 


Set functim switch to BRDG 600 


Courtesy of Wilcom 
Products, Inc. 


FIGURE 15 

QTKir.T.F. fr-FOIFNCY earth RETURN CURRENT 




TABLE V 

POWER HARMONIC 20/f WEIGHTING FACTORS 
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FREQUENCY 

60 HERTZ 
HARMONIC 

RATIO 

20/f 

20/f 

FACTOR dB 

FREQUENCY 

50 HERTZ 
HARMONIC 

RATIO 

20/f 

20/f 

FACTOR dB 

60 

1 

0.3330 

- 9.5 

1500 

25 

0.0133 

-37.5 

120 

2 

0.1670 

-15.6 

1620 

27 

0.0123 

-38.2 

180 

3 

o.ino 

-19.1 

1740 

29 

0.0115 

-38.8 

240 

4 

0.0833 

-21.6 

1800 

30 

0.0111 

-39.1 

300 

5 

0.0667 

-23.5 

1860 

31 

0.0108 

-39.4 

360 

6 

0.0556 

-25.1 

1980 

33 

0.0101 

-40.0 

420 

7 

0.0476 

-26.4 

2100 

35 

0.00952 

-40.4 

480 

8 

0.0417 

-27.6 

2220 

37 

0.00901 

-40.9 

540 

9 

0.0370 

-28.6 

2340 

39 

0.00855 

-41.4 

600 

10 

0.0333 

-29.5 

2460 

41 

0.00813 

-41.8 

660 

11 

0.0303 

-30.4 

2580 

43 

0.00775 

-42.2 

720 

12 

0.0278 

-31.1 

2700 

45 

0.00741 

-42.6 

780 

13 

0.0256 

-31.8 ' 

2820 

47 

0.00709 

-43.0 

840 

14 

0.0238 

-32.5 

2940 

49 

0.00680 

-43.3 

900 

15 

0.0222 

-33.1 

3000 

50 

0.00667 

-43.5 

960 

16 

0.0208 

-33.6 

3060 

51 

0,00654 

-43.7 

1020 

17 

0.0196 

-34.2 

3180 

53 

0.00629 

-44.0 

1080 

18 

0.0185 

-34.6 

3300 

55 

0.00606 

-44.3 

1140 

19 

0.0175 

-35.1 

3480 

57 

0.0p575 

-44.8 

1200 ^ 

'"’'20 

0.0167 

-35.6 

3540 

59 

0.00565 

-45.0 

1260 ' 

-"■ 2f ' -‘:■ 

0.0159 

-36 ro 

4500 

75 

0.00444 

-47.0 

1380 


'0.'61'4'5^ ■ ' 

■'■'-'36. 8 



' .i 



; 20/f dB = 20 log 2b/f 
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dBA 


= 10 log 


I /log -1 (Vf)dBrn 


10 


20 /^ 


-40 + (20 log D -6.5) 


9. 2. 3. 7 Arrperes earth retxam current is given by: 


^ ( W2“> 


9.2.4 


A detailed discussion of how to perform ejjploring coil measurements 

.-acin- • power systan earth return currents and the analysis of recorded 
results IS presented in TE&CM Section 452.2. 


GEOMETRIC MEAN HEIGHT OF POWER LINE ABOVE CENTER OF COIL 



CORRECTION FACTOR = (20 log -6.5) 
CORRECTION FACTORS - TABLE IV 


.2.5 I T cm be calculated at each individual frequency oy multiply- 
8.2.3.7 t. SI 

C-message weighting^ettim S determining 

With C-message weighting the reading is given by: ^ spectrum analyzer. 

(Vf) dBmc = (V ) dBm + 20 log 

f 

8.2.5.1 substituting this in tte s^ticn of Pnragmph 9.2.2.4 gives: 

(If) aBA = (V^) dBme -20.5 -20 log -20 log f t 20 log D 

obtained by multiplying both sides of the 

ftf ^ V aBA = ,v,, dBtnn - 30.5 -go log c, t 20 1<^ w, -20 log f t 20 log P 
Fran Paragraph 8: 


Wj = 5f 



REA mCM 452 
Page 43 

9. 2. 5. 4 Substituting this in the equation of Paragraph 9. 2. 5. 2 gives: 

(If . Wf) dBA = (Vf) dBmc -20.5 -20 log Cf + 20 log 5fCf -20 log f + 20 log D 

= (Vf) dBmc -20.5 + 20 log 5 + 20 log D 

9. 2. 5. 5 Since 20 log 6 = 14 the equatiori of Paragraph 9. 2. 5. 4 becomes: 

(If • W^) dBA = dBmc + (20 log D -6.5) 

9. 2. 5. 6 Like the equation in Paragraph 9.2. 3.3 this equation contains no 
frequency tertn. This time a combination has been used of C-message 

weighting and frequency-proportional coupling in Paragraph 9. 2. 2. 4 to obtain 
TTF weighting, with a correction factor which applies equally well to all TIE 
weighted harmonics and, therefore, to the root-sum-square total as well. 
Therefore, the equation in Paragraph 9. 2. 5. 5 can be rewritten without the 
frequency subscripts: 

(I • T) dBA = VdBmc + (20 log D -6.5) 

9.2.5. 7 With this equation a spectrvm analyzer equipped with a C-message 
filter can be used for single frequency measurements and for a 

single broadband measurement of the total I*T. The correction factor (20 
log D -6.5) may be obtained fron either Figure 16 or Table IV. 

9. 2. 5. 8 When a spectrum analyzer without a C-message filter is used the 
(Vf) dBmc value for each frequency can be calculated by the 

equation in Paragraph 9.2.5. C-message factors (C^) are given in Tbble II. 

The equation in Paragraph 9. 2.5.6 now becomes: 


(I*T) dBA = 10 log ^log-1 iVf^dBm^ ' + (20 log D -6.5) 

9. 2. 5. 9 I*T is given by: 

I*T = log“^ (I-T) dBA/20) 

9.2.6 A detailed discussion of how to perform e}«ploring coil measurements 
of power system I*T and the analysis of recorded results is presented 

in TE&CM Section 452.2. 

9.2.7 Since TTF is the ratio of the P?SS weighted anplitudes to the RMS 
current anplitudes (unweighted) , from the equation in Paragraphs 

9.2.3.4^d,9,.2,5.6,wehave:. 


9.3 Probe v^re measvff earth return current will 

be bestnnderstood if the individual frequency ccrponents of a 
caplex power system waveform are considered. The use of a spectrum analyzer 
having a high impedance input (> 100,000 ohms) is assumed. Thus, the input 
inpedance is high compared to the likely ground resistance between the two 
electrodes and the induced voltage may be read directly. 
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9.3.1 The voltage at any single frequency induced in a probe wire at a 
relative short distance from a long power line having an earth 
return current is given by: 

(V^) = 2ti f M (r^) 

Where: ~ Volts induced in probe wire at frequency f 

f = Frequency in Hertz 

(I^) = Earth return current of power systan at frequency f 
isr = Mutual inductance between the probe wire and average 
of all power-line conductors, given by; 


M = 0.14 X lO'^jilog ^400 + D j 


Henries 


D 


= Length of probe wire in feet 
= Distance from geometric mean of power conductors 
to probe wire 


9.3.2 


9.3. 2.1 


At any single frequency the earth return current is given as: 


(If) = (V^) / 2TrfM 


By ej^ressing the current and voltage in dB relative to one airpere 
and one volt, respectively, the equation can be written: 


(I^) dBA = (V^) dBV -20 log 2 T? f -20 log 


M 


9. 3. 2. 2 


provide levels in dBm, a 
conversion to oBV is necessacv* The zero dRm 
reference level is 24.5 microvolts, giving; ^ 

T r ^ » » 

dBV ” dBm + 20 log (24.5 x 10“^) 


9. 3.2.3 


9. 3. 2. 4 


9.3.3 


= VdEm -92.2 

Coribining the equation in Paragraph 9. 3. 2.1 with the one in 
Paragraph 9. 3. 2. 2 gives: 

(I^) dBA = (Vj) dBm -92.2 -20 log 2 tt f -20 log M 
And to find the airperes earth return current at any single frequenq 
(I^) = log”^ (d^) dBA/20) 


^e magnitude of power system earth ret\am currents at any hartnohic 
rrequency may be calculated by the equation in ParaoraDh 9 3 2*^ 

msasurenentS^It cannot 

^ return c^rent fron results of a single broadband measure 
calcLation equation must be elimlnatej before i broadbant 



9. 3.3.1 


9. 3. 3.2 
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A meM:hod of elminating tlie frequency term is by use of 20/f 
W0.i.ght3.ng. 20/f weighting is given by: ^ 

(Vjp) dBm 20/f - "(V^) aBm + 20 log (20/f) 

Ca^unlng the cx^uatlon in Paragraph 9.3.2.3 and the one in Paragraph 
9. 3.3.1 gives: 


(If) dBA -• (Vf) dBm 20 /f -20 log (20/f) -92.2 -20 log 2Trf -20 log M 


~ (Vf) dBm 2 Q/f -20 log 40Tr -92.2 -20 log M 

9. 3. 3.3 .Since 20 loc^ 40ir -- 42 the equation of Paragraph 9. 3.3. 2 becomes: 

(:r,^) dl3A " (Vj,) dBm 20/f -134.2 -20 log M 
or nore ainveniently; 

(1,^) dBA =■ (V^) dBm 20/f -40 -(20 log M + 94.2) 

9 . 3 . 3 . 4 Witli thi.s cx:(uation a .spectruti analyzer equipped with a 20/f 
weightcxil filter can be used to determine the power line earth 

return current coiiponent at any single frequency in dB above one ampere. 
Values of Uho correction factor (20 log M + 94.2) for a 100-foot probe wire 
at varioas power line hciights are sliown in Table VI. 


9. 3. 3. 5 Ihe ajuation in Peiragraph 9. 3. 3. 3 contains no frequency term. Use 
of the 20/f wcjighting has cancelled it out. Since the correction 

factor (20 log M + 134.2) , applies equally to all harmonics, it must also 
iipply ho the root -sum-square total. The equatim can, therefore, be written 
witlTout the frequency .subscripts: 

^dl3A “ ^dBm log M + 94.2) 

9. 3.3.6 Tlius a spectrum analyzer, wi 
single broadband measuronent 

current as well as that for single frecj 
obtained from Tfeible IV. 

9. 3. 3. 7 When a spectrum analyzer wit 
dBm 20/f values for each fr 

equation in Paragraph 9. 3. 3.1. The 20/ 

'I^ble V. The equation in Paragraph 9.3 

IdBA - W log |^E(1 ob 
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TABLE VI 


CORRECTION 

FACTORS (20 LOG M + 

94.2) FOR 100 FOOT PROBE WIRE 


FACTOR 


FACTOR 

I 

FACTOR 

D* 

dB 

D* 

dB 

1 p* 

dB 

11 

1.05 

28 

-1.41 

45 

-2.92 

12 

0.85 

29 

-1.51 

46 

-2.99 

13 

0.66 

30 

-1.62 

47 

-3.07 

14 

0.47 

31 

-1.72 

48 

-3.14 

15 

0.30 

32 

-1.81 

49 

-3.21 

16 

0.14 

33 

-1.91 

50 

-3.28 

17 

-0.02 

34 

-2.00 

51 

-3.35 

18 

-0.17 

35 

-2.09 

52 

-3.42 

19 

-0.31 

36 

-2.18 

53 

-3.49 

20 

-0.45 

37 

-2.27 

54 

-3.56 

21 

-0.58 

38 

-2.36 

55 

-3.62 

22 

-0.71 

39 

-2.44 

56 

-3.69 

23 

-0.84 

40 

-2.53 

57 

-3.75 

24 

-0.96 

41 

-2.61 

58 

-3.82 

25 

-1.08 

42 

-2.68 

59 

-3.88 

26 

-1.19 

43 

1 

ro 

60 

-3.94 

27 

-1.30 

44 

-2.84 




D = Height of power line above probe wire in feet. 
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9. 3.3.8 Anperes earth return current is given by; 




9.3.4 


I "T can be calculated at each individual frequency by multiplying 
, .. the current the frequency fran the equation in Paragraph 9. 3. 3. 5 

1^ the TIP factor from Table III. There is an easier way of determining the I-T 
value using the C-message weighting setting of the spectrum analyzer. With 
C-message weighting the reading is given by: 


(V^) dBmc = (V^) dBm + 20 log 

9. 3. 4.1 Substituting this in the equation of Paragraph 9. 3. 2. 9 gives: 

(I^) dBA = (V^) dBmc -20 log -92.2 -20 log 2ir f -20 log M 

9. 3. 4.2 The TIP weighted value is obtained by multiplying both sides by 
W^: 

(If • ¥f) aSA ■= (Vf) dBrnc - 92.2 -20 log Cf . 20 log Wf -20 log 2ir f 

-20 log M 

9. 3.4. 3 Substituting the value for from Paragraph 9. 2. 5. 3 gives: 

(If • Wf) dBA = (Vf) dBnc -92,2 -20 log Cf + 20 log 5fCf -20 log 2tt f 

-20 log M = (Vf) dBrnc -92.2 + 20 log 5/2Tr -20 log M 

9. 3. 4.4 Since 20 log 5/2ir = 2,0 the equation in Paragraph 9. 3. 4. 3 beccmes: 

(If • W^) dBA = (V^) dBrnc -{20 log M + 94.2) 

9. 3. 4. 5 With this equaticxi, a spectrum analyzer with C-message weighting 
can be used to determine the earth return I*T contribution of each 

harmonic frequency in dB above one weighted aitpere. Values of the correction 
factor (20 log M + 94.2) for a 100 foot probe wire at various power line 
heights are shown in Table VI. 

9. 3.4.6 The equation in Paragraph 9.’’ 

This time a ccrnbination has 

and frequency proportional coupling in 
with a correction factor which applies 
harmonics and, therefore, to the root-s 
can, therefore, be written without the 

(I-T) dBA = VdBmc 

9. 3.4. 7 Again, the spectrum analyzer 
weighting, for a single hroa< 

I’T as well as for single frequencies, 
from Table VI. 
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9. 3.4. 8 When a spectrvm analyzer without a C-message filter is used the 
(Vj) dBmc value for each frequency can be calculated by the 

equation in Paragraph 9.3.4 C-message factors (C^) are given in Table II. 

The equation in Paragraph 9. 3. 4. 6 now beccnies: 

(ri) dBA = 10 log (Vf) dBrn^ j -(20 log M + 94.2) 

9. 3. 4. 9 Numerical I-T is given by: 

I-T = log"^ (d-T) dBA/20) 

9.3.5 A detailed discussion of how to perform probe wire neasuraments of 
power system earth return I and I*T with analysis of recorded 

results is presented in TE&CM Section 452.3. 

9.3.6 Since TIP is the ratio of weighted to unweighted amplitudes, from 
the equations in Paragraphs 9. 3. 3. 5 and 9. 3. 4. 6, we have: 

T = log-^ ((VdBrnc -VdBm 20/f + 40) /20) 



